We report on a method of synthesis of single-walled carbon nanotubes percolated networks on silicon dioxide substrates using monodisperse Co and Ni catalyst. The catalytic nanoparticles were obtained by modified method of reverse micelles of bis-(2-ethylhexyl) sulfosuccinate sodium in isooctane solution that provides the nanoparticle size control in range of 1 to 5 nm. The metallic nanoparticles of Ni and Co were characterized using transmission electron microscopy (TEM) and atomic-force microscopy (AFM). Carbon nanotubes were synthesized by chemical vapor deposition of CH 4 /H 2 composition at 1000 °C on catalysts pre-deposited on silicon dioxide substrate. Before the temperature treatment during the carbon nanotube synthesis, the most of the catalyst material agglomerates, due to the magnetic forces, while during the nanotube growth disintegrates into the separate nanoparticles with narrow diameter distribution. The formed nanotube networks were characterized using AFM, scanning electron microscopy (SEM) and Raman spectroscopy. We find that the nanotubes are mainly single-walled carbon nanotubes with high structural perfection up to 200 µm long with diameters from 1.3 to 1.7 nm consistent with catalyst nanoparticles diameter distribution and independent of its material.
The carbon nanotubes (CNTs) are considered to be a promising material to be used for different applications due to their many unique properties. Individual CNTs, as well as arrays of semiconducting CNTs, can be used as basic elements for transistors and logic elements that can be integrated into the systems of information transfer and processing [1, 2] . Individual CNTs, as well as CNT films, have bright future for sensor application [3] . CNT films can be used as transparent electrode, e.g., in optoelectronic and photovoltaic devices [4, 5] . However, despite the remarkable progress achieved in the laboratories over the past 15 years, the industrial application of nanotubes is restricted by the lack of developed technologies that would allow the control of their properties and methods of proper positioning compatible with large scale production.
There are two techniques most frequently used for deposition of CNTs on a substrate. One employs chem-ical vapor deposition (CVD) method with the shape and morphology of the synthesized conducting structures being defined by the area where the catalyst was patterned before the synthesis process [6] . Alternative technique involves liquid suspension of preliminary synthesized purified and functionalized nanotubes. This suspension can be ink-printed on a wafer using conventional methods [7] . Importantly the physical and chemical properties of nanotubes can be significantly modified during the last process via incorporation of defects using strong oxidizers [8] . Properties of CVD grown CNTs can be controlled through the catalyst composition [9] and/or synthesis parameters [10] .
One of the key parameters is the catalyst particle size that can be controlled by either indirect methods when the catalyst fills in some porous media (ciliates, silicon oxide) [11] , or directly when the colloid particles are formed in a solution and stabilized using surfactants [12, 13] . Use of the reverse micelles method to grow colloid catalyst particles has several advantages in latter case allowing for an easy control of the particle size in a scalable process compatible with standard lithographic techniques for catalyst patterning [14, 15] .
In this paper we report on CVD formation of networks of single-walled carbon nanotubes (SWNTs) with a length of about 200 μm using colloid catalyst particles produced with the modified reverse micelles method. Different catalyst types based on cobalt and nickel are studied.
MATERIALS AND METHODS

Synthesis of magnetic nanoparticles in reverse micellar systems
Metal nanoparticles were obtained by the modified reduction method of metal ions to the atomic state with subsequent crystallization [16] . The synthesis was carried out using a reverse micellar systems as the environment and stabilizing shell of obtained nanoparticles. Reverse micellar system was dissolved in a non--polar organic solvent in a sinter of anionic surfactant molecules. Molecules of the reducing agent were located in the core of micelles. Bis-(2-ethylhexyl) sulfosuccinate sodium (Aerosol-OT, AOT, Acros Organics, Belgium) was used as a surfactant, quercetin (CAS No. 849061-97-8) was used as a reduction agent and isooctane reference (GOST 12433-83, Russia) as a solvent. The Ni 2+ or Co 2+ were reduced by quercetin from their 1 M sulphate solutions. The mole ratio of metal ions and molecules of quercetin was 1:1. Before the synthesis, AOT was dissolved in isooctane with a concentration higher than the critical micelle concentration (CMC). As the result, agglomerates of the AOT molecules were formed.
An AOT molecule consists of two parts: the polar head and non-polar hydrocarbon tail [17] . The presence of these two parts accounts for the binary properties of the molecules: the molecule could be dissolved both in polar and non-polar media. Polar head can be dissolved in polar solvents and non-polar tail, respectively, in the non-polar ones. Thus the AOT molecules can be dissolved both in polar and non-polar liquids. If their concentration reaches the CMC values the AOT molecules form agglomerates, i.e., micelles. If AOT is solved in a non-polar liquid, non-polar tails are pointing towards to the solvent, and the polar heads form a cavity which is the core of micelles. The size of this core ranges from 1 to 2 nm. Thus, the reverse micelle can be used as nanoreactor for the reaction of synthesis of a nanocrystal. Micelle limits the size of metal nanoparticles, but is a flexible structure that can be stretched. Therefore, the size of the synthesized nanoparticles can exceed the size of the "empty micelles". Chemical reagents required for the synthesis of nanoparticles are introduced into the micelle during the solubilization process, i.e., when polar substances penetrate into the core of micelles.
In general, the proposed method allows production of highly concentrated solutions of stable metal particles in an organic solvent avoiding both heating to high temperatures and necessity of using oxygen-free atmosphere.
Catalyst deposition and CNT synthesis
The fabricated suspensions of nickel (Ni concentration: 3 mmol/L, AOT: 75 mmol/L) or cobalt (the concentration of Co: 3.6 mmol/L, AOT: 135 mmol/L) nanoparticles in isooctane were further diluted with solvent in a ratio of 1:40. The diluted suspension was then sonicated for 16 h. A droplet of suspension (20 μL) was then dripped onto the chip of oxidized silicon (300 nm of thermally grown SiO 2 on p-doped silicon) or quartz with a size of 7×7 mm 2 . The catalyst suspension was dried for 40-60 s in the ambient atmosphere, whereupon the catalyst residues were removed under a nitrogen stream.
Carbon nanotubes were synthesized by chemical vapor deposition method. The chips coated with the catalyst were placed in a quartz purge type reactor placed inside a tube furnace and heated up to 1000 °C in an atmosphere of argon during an hour and a half. Then the reactor was blown with H 2 for 10 min at the same temperature, in order to reduce the catalyst. Next, a methane-hydrogen mixture (volume ratio of methane/hydrogen was 3.6:1) at a temperature of 1000 °C was blown through the reactor which gave rise to nanotube growth. Synthesis time was 30 min. The reactor was then cooled down to room temperature under argon.
Characterization methods
Concentration of nanoparticles was measured by spectrophotometer Heliso-α (Thermo electron corporation, UK), size distribution of nanoparticles was characterized using transmission electron microscope (TEM) LEO912 AB OMEGA (Carl Zeiss, Germany) and dynamic light scattering nano-particle size analyzer LB--550 (Horiba, Japan).
Carbon nanotubes grown by CVD method were investigated by scanning electron microscopy (SEM, Helios Nanolab, FEI), and atomic-force microscopy (AFM, Solver-Pro, NT-MDT) using standard silicon cantilevers of NSG30 series in semi-contact mode with f res = 210 kHz. Amount of the structural defects and diameter distribution of carbon nanotubes were characterized using Raman spectroscopy (Centaur HR, Nanoscan Technology).
RESULTS AND DISCUSSION
Nanocatalyst preparation
The process of formation of nanoparticles involved the use of natural reducing agents from the group of flavonoids with chelating effect allowing for robust immobilization of the ion. At the same time flavonoid has high reducing capacity, so the growth of nanoparticles is fast and nanoparticles are additionally stabilized by oxidation products of flavonoids. In the proposed method, the result of a chemical reaction is the growth of catalyst nanoparticles inside of the reverse micelles. The method allows obtaining organic colloidal solution of metal nanoparticles with narrow size distribution with about 85% of nanoparticles having a diameter from 3 to 5 nm. When depositing nickel nanoparticles onto the TEM grid, natural drying of isooctane leads to particles agglomeration (Figure 1a ). The cluster size was determined using TEM-images (Figure 1b) . Due to magnetic properties of nickel and cobalt nanoparticles micrograph and the corresponding estimate have a margin of error that is significant for nanoscale objects. That in turn leads to an exaggerated spread of particle diameter values. 
Figure 1. TEM image of nickel nanoparticles deposited from isooctane solution (a) and histogram of cobalt nanoparticles sizes distribution according to TEM (b). Scale bar: 20 nm.
Atomic-force microscopy of the particles was performed after deposition and drying of catalyst on the silicon oxide plate surface. We found that the sample surface was covered with islands of a uniform thin film into which the fine-grained nanoparticles were embedded (Figure 2a ). There were no nanoparticles observed in the areas free from this thin film ( Figure  2b ). The height of the film (presumably surfactant) is 1.6 to 2 nm, which corresponds to the mono-or bi--layer of the surfactant molecules, sitting vertically on more hydrophobic surface silicone oxide. We also found presence of sparse but large conglomeration with height up to 200-300 nm and lateral size 1-2 μm. We concluded that in general, particles with sized from 6 to 12 nm, were present in agglomerations of 3-5 or more particles. Overall conclusion is that the used method of catalyst deposition allows obtained finegrained layer of catalyst nanoparticles on the surface (conglomerations do not exceed 3-5 nanoparticles) with narrow distribution of diameters (heights). Minimum height of a single Ni particles is 1-1,5 nm. SWNT synthesis is affected significantly by nanoparticles agglomeration and environment [18] . Due to a surplus of the surfactant in the solution, it stays on the chip surface after drying in the form of a surfact-ant/isooctane matrix promoting catalyst particles agglomeration. We note that the agglomeration probability in water solution is higher which may be a reason of lower SWNT yield when catalyst was diluted in water (see below). The influence of surfactant used for nanoparticles formation in reverse micelles is important as well. Micelles determine the nanoparticles shape as well as their surface chemical activity [19] .
Investigation of carbon nanotubes grown on the monodisperse catalyst
Topography measurement was carried out by two high-resolution methods: SEM and AFM, which allowed get full picture of surface topography after CVD of carbon nanotubes. In general, nanotubes are relatively uniformly distributed on the surface and have lengths up to 200 µm (Figure 3) . In case of cobalt catalyst concentration of shorter nanotubes evaluated visually is higher. Nanotubes with length more than 2 μm have many bends, branching and ring-shaped structures. This can be caused by defect accumulation both in nanotubes and substrate.
AFM image allows us to get more complete information about structure of surface due to visualization of oxidized catalyst particles, which cannot be achieved by standard SEM [20] . Both types of catalyst produce nanotubes of small diameter (height approximately 1.8 nm by AFM data, Figure 4) . Dispersion of carbon nanotubes on substrate surface is non-uniform. Nano-sized particles with average diameter (height) of approximately 2 nm might be oxidized catalyst that has not reacted. On average the area of 5 µm×5 µm contains spherical particles with size dispersion from 2.8 to 5.1 nm; the smallest observed size was 1.2 nm, the largest -6 nm (it might be an agglomeration of several particles). Analysis of AFM images gives the following estimation of catalyst particles sizes and nanotubes diameters, grown on that catalyst: -particles size: 3.5±0.6 nm (of Ni catalyst) and 3.9±0.8 nm (of Co catalyst) and -nanotubes diameters 1.8±0.2 nm (for Ni catalyst) and 1.9±0.3 nm (for Co catalyst). 
Figure 4. AFM image of wafer surface with grown nanotubes (thread-like structures) and remains of catalyst (dots), obtained by chemical vapor deposition on Ni nanoparticles: aphase contrast mode, b -zoomed imaged in height mode.
Note that not all nanotubes can be imaged by AFM under normal conditions: small diameter nanotubes can move during scanning or not influence the cantilever oscillations because of adsorbate present on the surface. Moreover, adsorbate presence can significantly distort observed height of nanotubes. Nonetheless, concentration of catalyst nanoparticles can be determined from AFM images, and average concentration of carbon nanotubes can be derived from SEM images with high precision. Effectiveness of growth, determined as ratio of the amount of synthesized SWCNTs to the quantity of the catalyst nanoparticles on the surface, is a value of the order of 1:250, which matches effectiveness of growth on mono-disperse catalyst with methane source [21] , but is an order of magnitude less than effectiveness of growth with CO precursor as carbon source [8] .
Structural perfection and diameter of SWNTs
Focused laser excitation (focus spot diameter 0,5 μm, wavelength 532 nm, power 35 mW) was used for micro-Raman study of SWNTs synthesized on catalyst with increased density: Ni and Co catalyst deposited on quartz substrate, Figure 5 . In main, quite narrow G-band is obtained in areas containing SWNTs. The Gband is associated with C-C stretching in-plain vibrations. We observed G-band shift which we relate to the variation of the SWNT-substrate interaction force. Nevertheless, no radial breathing mode band (RBM) shift is observed [22] . D-band is not observed even for 100 s of exposition and more, which indicates high crystal perfection of the SWNTs and very small density of dangling bonds [13] (Figure 5) . Based on the G-band shape we argue that there are from 1 to 5 SWNTs under laser exposition every single spectra acquisition: G-band peaks are rather narrow, splitting of the G + and G -peaks is observed indicating that the nanotubes are single walled. Additionally, based on G + -band and G -band intensity ratio and general G-peak line shape we deduce that most of the SWNTs are semiconducting ones. The RBM band frequency range is estimated to be from 140 to190 cm -1 in case of Co catalyst, while for the Ni catalyst it falls into the 140-170 cm -1 range.
Using the simple formula ω RBM = C/d t (C = 248 cm for an isolated SWNT on Si substrate [23] ) we find that the average SWNT diameter equals 1,3-1,7 nm for Co catalyst, and 1,4-1,7 nm for Ni catalyst. It should be noted that no Raman bands were observed at the surface regions not occupied with SWNTs. This serves as an additional proof that the surfactant together with solvent evaporated during the synthesis, rather than decomposed to carbon phase. Based on the data described above we may conclude that the catalyst material influence on the SWNT quality is insignificant. As was established before SWNT diameter is influenced substantially by the catalyst particle size [24] . Since the particle size was the same in case of Ni-and Co-based catalyst average diameters of SWNTs synthesized in our work did not differ in case of these two catalyst material within the measurement error.
Low synthesis efficiency is related mainly to the use of hydrocarbon precursor, while the catalyst particles size plays the minor role, but still determining the synthesis efficiency via the determination of critical catalyst size of the synthesis termination [21] . Concluding, the method is proposed of rather uniform SWNT lateral arrays synthesis.
CONCLUSION
Ni and Co catalyst monodisperse nanoparticles obtained in the reactor of the reverse micelles were used as a catalyst for CVD growth of lateral arrays of carbon nanotubes from a methane-hydrogen mixture at 1000 °C. As a result predominantly single-walled carbon nanotubes with diameteres 1.3-1.7 nm were obtained. SWNTs length reaches 200 µm, which is great advance in compare to 0,5 μm length SWNTs reported in [21] . The nanotubes have a low number of defects. Growth efficiency is 1:250, which indicates that participation in the process of growth of less than 1% of the catalyst. Increased efficiency may be accomplished by appropriate processing and modification of technology.
